We investigated the electronic structure of an ultrathin Cr oxide film prepared by growing about 0.8 monolayers of Cr on the oxygen-terminated Fe(001)-p(1×1)O surface and characterized by the formation of an ordered array of Cr vacancies producing a ( √ 5× √ 5)R27
I. INTRODUCTION
The characterization of the physicochemical properties of transition-metal oxides is one of the leading topics of current research in condensed matter physics, mainly due to their many applications, from catalysis to corrosion protection and electronics [1, 2] . Thanks to their peculiar electronic structure, featuring localized d states, some of those oxides can be electrically polarized (i.e., show a ferroelectric behavior) and/or magnetized [ferromagnetic (FM) or antiferromagnetic (AF) behavior] [3, 4] , and are therefore investigated for magnetic data storage and spin-sensitive microelectronics, or spintronics. In order to downscale the physical dimensions of the devices, the latter applications are based on very thin films, engineered to exploit the characteristic phenomena arising at the oxide surfaces and interfaces [5] . In this framework, an important issue to be considered is the concentration of defects in the oxide layer. Randomly distributed point defects are always present in oxide compounds, in the form of either cation or oxygen vacancies (color centers). Besides these intrinsic defects, long-range ordered arrays of atomic vacancies have been recently found to develop in a number of monolayer transition-metal oxides epitaxially grown on a different metal substrate (see, e.g., Ref. [6] and references therein). These long-range ordered defects have been mainly investigated with respect to their chemical reactivity [7] or their properties to drive the self-assembly of nanoparticles [8] , and it is expected that they can also heavily affect the electronic structure of the metal-oxide interface.
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spin-polarized electronic states near the Fermi energy (E F ) is at the root of the spin filtering phenomenon occurring in magnetic tunneling junctions [9] . We have recently investigated such systems, with a particular focus on the coupling with the ferromagnetic Fe(001) substrate [10, 11] .
In the specific case of Cr oxide, for instance, we have demonstrated the feasibility of growing one-layer-thick films by Cr deposition on the oxygen-terminated Fe(001)-p(1×1)O surface, exploiting the tendency of oxygen to segregate and bind to Cr atoms [12] . The result is a Cr oxide layer characterized by (i) a very sharp interface with Fe, i.e., showing little chemical mixing even at high temperatures; (ii) a Cr-( √ 5× √ 5)R27
• O superstructure [Cr-( √ 5× √ 5)O in the following], clearly observed with low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) [13] ; and (iii) a magnetization antiparallel to that of the substrate [14, 15] . The Cr-( √ 5× √ 5)O superstructure consists in a regular network of cation (Cr) vacancies created in an otherwise stoichiometric CrO layer [Cr-p(1×1)O in the following], that is primarily due to electronic effects also responsible for the formation of cation vacancies in bulk oxides characterized by a rocksalt structure, as in the case of early 3d and 4d metal oxides [16] . While thick Cr oxides are characterized either by the corundum (Cr 2 O 3 ) or rutile (CrO 2 ) structure, cubic phases such as the rocksalt (CrO) or the spinel (γ -Cr 2 O 3 ) can be stabilized in ultrathin films [17, 18] .
In this paper, we provide a combined experimental and theoretical investigation of the Cr-( √ 5× √ 5)O surface band structure, based on ab initio calculations compared to angleand spin-resolved photoemission spectroscopy (ARPES and SRPES, respectively) and scanning tunneling spectroscopy (STS) experiments. While our study primarily contributes to the characterization of the Cr oxide film and the interface with Fe, a broader impact is also expected on the general understanding of the oxidation process of Cr and on the magnetic behavior of ultrathin Cr oxides. The magnetic characterization of such oxides on bulk Cr samples or thick Cr films, characterized by a spin-density-wave ground state [19, 20] , is particularly challenging. On the clean Cr(001) surface, for instance, this gives rise to a layerwise AF order for adjacent Cr terraces [21] , resulting in a nil overall magnetization. In the following we highlight clear similarities between the electronic structure of the oxidized Cr(001) surface and that of the CrO/Fe(001) system, where the presence of Cr vacancies is explicitly taken into account, and link the presence of spin-polarized features in the experimental spectra to specific features of the oxide band structure.
II. METHODS

A. Sample preparation and spectroscopic characterization
The samples were prepared by growing a thick Fe film onto an MgO(001) crystal through molecular beam epitaxy (MBE) under ultrahigh vacuum (UHV) conditions (the base pressure in the vacuum chamber was in the low 10 −8 Pa range). The resulting clean Fe(001) surface was then exposed to 30 L (1 L = 1.33×10 −4 Pa · s) of pure molecular oxygen at 700 K and then flash heated at 900 K to remove the oxygen in excess of one single layer, or monolayer (ML), from the surface. This procedure leads to the formation of the well-characterized Fe(001)-p(1×1)O surface in which each oxygen atom sits in a fourfold symmetrical Fe hollow site [22] . The Cr-( √ 5× √ 5)O superstructure was prepared by dosing about 0.8 ML of Cr on the Fe(001)-p(1×1)O surface kept at about 600 K [13] . The Cr deposition rate (about 0.5 ML/min) was monitored by a quartz microbalance. LEED and STM were used to confirm the good quality of the reconstructed CrO layer. The results of our structural characterization are shown in Fig. 1 , together with schematics describing the expected diffraction pattern and the actual arrangement of surface atoms. Figure 1 (a) also shows, in the reciprocal space, the surface Brillouin zone (SBZ) related to the Cr-p(1×1)O and the reconstructed surface (red and black squares, respectively), considering the two equivalent domains of the surface reconstruction.
STM and STS measurements were performed with homemade electrochemically etched W tips mounted on an Omicron variable temperature STM housed in a UHV chamber connected to the preparation system. STM images were acquired in constant current mode, whereas a constant tip-sample separation (open feedback loop) was maintained for STS data. Tunneling spectra were acquired at room temperature (RT). Photoemission spectroscopy was performed by exciting electrons with He I radiation (hν = 21.2 eV) and detecting them by means of a 150-mm hemispherical analyzer (from SPECS GmbH) with an angular resolution (for spin-integrated measurements) of ±1
• . UV source satellites were always subtracted. SRPES measurements were performed by means of a micro-Mott detector, mounted at the exit side of the hemispherical analyzer [23] . Samples were magnetized in situ at RT by applying a pulsed magnetic field of about 100 Oe along one of the equivalent 100 directions of the Fe substrate, and analyzed at magnetic remanence at RT. The photoelectron polarization was evaluated following the methodology explained in Ref. [23] , employing a Sherman function of 0.14. Typical full width at half maximum (FWHM) energy resolution values are 15 and 120 meV for ARPES and SRPES, respectively.
B. Band structure calculations
The theoretical analysis is based on first-principle density functional theory (DFT) simulations within the generalized gradient approximation for the exchange and correlation functional as proposed by Perdew, Burke, and Ernzerhof (GGA-PBE) [24] , taking into account the spin polarization in a collinear description. The atomic coordinates were taken from our previous investigation on the energetic stability of surface reconstructions for monolayer-range Cr oxides grown on Fe(001) [13] . There we adopted a repeated slab model with 4 Fe(001) layers, where the bottom two are fixed at the bulk spacing. Adsorbates were placed on the other side of the slab and fully relaxed together with the two topmost Fe layers. In the present work, to better describe the surface electronic structure, we increased the slab thickness to 10 Fe calculations have also been run for thicker slabs (25 and 50 layers), and confirm the robustness of the presented results. A vacuum region of 12Å separates repeated slabs from each other. The plane-wave ultrasoft pseudopotential method [25] was used as implemented in the PWSCF code of the QUANTUM-ESPRESSO distribution [26] . Other computational details can be found in Ref. [13] . To visualize the surface band structure and the contribution from the different atomic species we compute the k || -resolved projected density of states (KPDOS), which is defined as
where φ Rnlm is an atomic function centered at R, ψ j k || is the eigenstate at energy ε j k || , and the delta function is replaced by a Gaussian for plotting purposes. This allows us to effectively show surface bands also in regions where they overlap with a substrate continuum [27] . For a slab with limited thickness, artificial splitting of surface resonances in a finite number of discrete states may still be visible. The band dispersion is mapped in the reciprocal space within the first SBZ of the Fe(001) substrate [red square in Fig. 1(a) to facilitate the comparison with experiments]. We recall that the real space cell used to simulate the Cr-(
O surface is about five times larger than the one required for the Cr-p(1×1)O one. This, in turn, increases the number of simulated electrons and the number of bands, packed into the ( √ 5× √ 5)R27
• SBZ, by about the same amount. Finally, simulated STS are obtained by evaluating the local density of states (LDOS) in the proximity of the surface. Practically, we integrate the LDOS in a thin region extending over the full surface unit cell at a distance of 3Å from the O atoms [28] .
III. RESULTS AND DISCUSSION
A. Photoemission measurements and comparison with theoretical calculations
The photoemission spectra from the Cr-( √ 5× √ 5)O reconstructed surface, acquired by rotating the sample along one of the 100 axes, are shown in Fig. 2(a) . Vertical lines highlight the position of the main photoemission features: a peak (labeled A) at a binding energy (BE) of −4.9 eV, and a broad feature (labeled B), located within the [−1.3, −1.6] eV BE interval. The position of feature B is compatible with the values reported for a similar feature observed on the oxidized Cr(001) surface at normal electron emission in Refs. [29, 30] . C identifies the narrow region close to E F .
For comparison, we have also mapped the electronic structure of a Fe(001)-p(1×1)O sample in Fig. 2(b) . Feature A, which in Fig. 2(a) shows practically no energy dispersion, is observed also on the oxygen-terminated Fe surface, where with E B being the BE and φ the surface work function, set to 3.6 eV [18] . As indicated by the gray area, theoretical data have been shifted by 0.5 eV to higher BE in the −4 eV to −9.5 eV range to facilitate the comparison with the experimental findings.
it clearly shifts away towards lower BE at off-normal electron emission. Closer to E F new features appear, reminiscent of feature B in Fig. 2 (a) and therefore identified with the same letter. Spin-resolved photoemission spectra, acquired at normal electron emission, are shown in Fig. 2(c) . The bottom spectra, related to the Fe(001)-p(1×1)O substrate, show a net majority polarization close to E F , consistent with the available literature on Fe(001) [31, 32] , together with a clear splitting of feature A. In the top spectra, acquired on the Cr-( √ 5× √ 5)O reconstructed surface, feature B (hatched area) clearly shows a minority character, while no splitting is observed for feature A.
Good agreement is found between our results for the Fe(001)-p(1×1)O substrate in Figs. 2(b) and 2(c) and the findings of the combined experimental and theoretical study of Ref. [33] . There, a primitive cell with a p(1×1) symmetry is used for the simulations, consistent with the absence of cation vacancies on the oxygen-terminated Fe surface [22] . Both the dispersion behavior and the spin splitting of feature A are nicely reproduced by the simulations. Moreover, several surface states are identified which are likely to contribute to feature B in Fig. 2(b) : a majority surface resonance at −2.8 eV close to and two surface states at −1.4 and −2.6 eV within the projected gap in the minority spin system at X. The theoretical analysis of Ref. [33] allows us to assign the feature A to O 2p states while C and B are related to the Fe substrate. Analogously, a similar assignment is expected to hold in the case of Cr oxide surface and will be confirmed here.
In Fig. 3 , the position of the photoemission features observed in the ARPES spectra from the Cr-( √ 5× √ 5)O surface (yellow dots), is compared with the simulated KP-DOS on O and Cr species calculated for the reconstructed system [ Fig. 3(b) , complemented by Fig. 3(a) , showing the SBZ-integrated PDOS] and the ideal Cr-p(1×1)O surface [ Fig. 3(c) ]. The first-principles band structures are plotted along the path in the momentum space adopted in the experiments, i.e., by considering the high-symmetry X and M directions of the Fe(001) substrate. We note that these directions are not coincident with the X and M directions of the two ( √ 5× √ 5)R27
• SBZ shown in Fig. 1(a) . However, the X and M lines cut the ( √ 5× √ 5)R27
• SBZ along equivalent directions so that they are expected to contribute with symmetry-equivalent states to the electronic structure described both by calculations and by angle-resolved photoemission experiments. The spin-majority and spin-minority labels in Fig. 3 refer to the occupation of the related electronic states in the Fe substrate. Examining first the PDOS [ Fig. 3(a) ], we see that O 2p states are found in a BE range 5-9 eV below E F for both spin populations, whereas the largest contribution from Cr orbitals is related to the spin-split 3d states around E F . In particular, it is interesting to notice that the spin-majority (spinminority) states are found mostly above (below) E F , indicating that the Cr magnetic moment is opposite to that of the Fe atoms underneath. Indeed, both the minority character of feature B and its energy dispersion are in agreement with experimental data. Within 0.5 eV from E F a straightforward comparison between this prediction and the outcome of our photoemission experiment on the Cr oxide film is impeded by the presence of the overlapping contributions between the Cr 3d states and that of the underlying Fe substrate, resulting also in a small spin polarization of the ARPES signal [ Fig. 2(c) ]. A similar problem, i.e., the contribution from bulk Cr states, is also encountered when comparing our simulated results with the other photoemission data from the literature on the oxidized Cr(001) surface [29, 30] . More insight into the Cr 3d electronic structure will be given in Sec. III C by selectively comparing our photoemission data with electronic states characterized by a specific orbital character, and in Sec. III D by considering the results of our STS characterization.
Concerning the BE range of O 2p states we note that some characteristic features of the experimental spectra, such as the absence of any spin-dependent splitting of feature A, can also be observed in the simulated results of both Figs. In order to facilitate the comparison with the experiment, we have applied a rigid downward shift of about 0.5 eV to the computed O 2p band structure, which empirically includes the effect of self-energy corrections to the Kohn-Sham eigenvalues [6] . Similar to the present case, a downward shift of about 0.6 eV has to be applied to the simulated O 2p band structure for the Fe(001)-p(1×1)O surface (see, e.g., Ref. [33] ), in order to correctly reproduce the BE position of feature A (at normal emission) in Fig. 2(b) . With the rigid shift, the computed energies of Fig. 3(b) are in excellent agreement with all the experimentally observed features. In particular, the peculiar absence of dispersion of feature A along the X direction is correctly reproduced. Conversely, there is a strong BE variation along X expected for O 2p states on the Cr-p(1×1)O surface [ Fig. 3(c) ], clearly contrasting with our experimental results.
B. O 2 p states
In order to analyze the effect of including the cation vacancies in the surface, giving rise to the Cr-( √ 5× √ 5)O reconstruction, we considered the contribution to the KPDOS (in the O states energy window) of a complete set of plike atomic orbitals (p x , p y , and p z , with the x, y, and z axes aligned to the [100], [010] , and [001] crystallographic directions and centered on the O atoms). According to the available literature on the electronic properties of square adsorbate-induced superstructures resulting from the oxidation of bulk metallic samples [35, 36] , the energy dispersion of p x and p y states is linked to the strength of the in-plane bonds between O atoms. However, due to the lower symmetry of the metal-adsorbate system, a contribution is also made by the band structure of the underlying layers due to hybridization effects involving especially p z orbitals. Hence, to clarify the origin of the dispersionless feature A, we performed additional calculations for freestanding CrO layers. In these simplified models, the substrate is removed while retaining the Cr and O atomic coordinates as determined for the Cr-p(1×1)O or Cr-( √ 5× √ 5)O structures on Fe(001). Since this is meant to model the supported case, a magnetic configuration with all Cr spins parallel to each other was simulated also for the freestanding overlayer, even though the ground state of the latter could be possibly characterized by other magnetic arrangements. The resulting band structures are reported in Figs. 4(a)-4(c) . In order to disentangle the effects of surface reconstruction and vacancy formation from the simple folding of the p(1×1) SBZ onto the ( √ 5× √ 5)R27
• SBZ, we also simulated the unreconstructed CrO layer in the Cr-( Fig. 4(b) ].
Since out-of-plane (p z ) orbitals are strongly affected by hybridization with the substrate, only the contributions by those states with an in-plane p x and p y orbital character have been summed for the freestanding layer. Indeed, this is able to reproduce the main features in the O 2p energy range seen in Fig. 3 . Referring to the Cr-p(1×1)O band structure of Fig. 4(a) along the X direction, the p y orbital character is assigned to band 2 (dashed line). 1 bands (continuous lines) have a mixed orbital character (p x and p z ) and show an avoided crossing about halfway along the X direction. A similar analysis can be performed along the M direction considering, instead of the p x and p y atomic orbitals, their linear combinations p x ± p y [36] . We therefore conclude that those bands associated with a p x and p y orbital character show a large dispersion in the (001) plane away from the point. This simple picture translates to the band structure of Fig. 4(b) when folding the Cr-p(1×1)O band structure on the ( √ 5× √ 5)R27
• SBZ. One notices the absence of the dispersionless feature A, that is instead nicely taken into account by the freestanding Cr-( √ 5× √ 5)O layer with the vacancies. In particular, a mixed p x and p y orbital character, with relative contributions depending on surface wave vector, is assigned to the flat band reproducing the BE position of feature A, as shown in Fig. 4(c) .
The exceptional agreement we observe when comparing the band dispersion of in-plane O 2p states with the supported case discussed in the previous section and especially the presence of the dispersionless feature [marked with a dashdotted line in Fig. 4(c) ], only for the freestanding CrO layer featuring the Cr-( √ 5× √ 5)O superstructure, demonstrates that the introduction of Cr vacancies is the sole dominant effect. As this observation is independent of the nature of the underlying substrate (Fe, or nothing), it clearly becomes the fingerprint of the formation of a cation vacancy lattice with the ( √ 5× √ 5)R27
• periodicity. Remarkably, good agreement is found between the sim- Cr(001) surface. The literature data, shown in Fig. 4(d) with green triangles, are characterized by a dispersionless feature along X at the same BE of feature A in Figs. 2(a) and 3(b) . Although the authors of Ref. [29] observed only a p(1×1) pattern with LEED, local probes (such as STM) demonstrated that also the oxidized Cr(001) surface is characterized by the formation of a locally ordered cation vacancy lattice [38] , sharing the same atomic arrangement of the Cr-( √ 5× √ 5)O superstructure. We therefore make a conclusion about a direct influence of the local ordering of surface atoms on the electronic structure investigated by means of photoemission techniques.
C. Cr 3d states
Following the same strategy put forth in the previous section, Fig In both cases, the splitting between the majority and minority band structures is large, so that the filled Cr electronic states mainly retain a minority character. Similar to the O 2p case, a better understanding of the effects of the different surface geometries is achieved by considering the orbital composition of the electronic states. can instead be explained by band folding effects. Considering the dipole selection rules associated with photoemission from the bcc (001) surface [39] , no contribution is expected at normal emission from in-plane states; i.e., it is reasonable to assign either a d xz+yz or d z 2 orbital character to feature B. In addition, the best agreement between energy position of peak B [yellow dots in Fig. 5(c) ] and the calculated band structure is obtained within the BE range of d xz+yz states.
D. STS data and simulations
STS results related to the Cr-( √ 5× √ 5)O surface are shown in Fig. 6(a) , while Fig. 6(b) presents the simulated spectra obtained by evaluating the LDOS at 3Å above the O layer in order to take into account the natural decay of the wave function outside the surface.
Below E F , the experimental spectrum is characterized by a broad feature, composed by a peak at a BE of −0.75 eV and a shoulder at about −0.2 eV. A dip is observed at E F . Above E F , a 0.7-eV-wide plateau is present, followed by a steep rise starting at about 1 eV. These results nicely compare with the spin-resolved LDOS of Fig. 6(b) . We can thus relate the features observed below E F mostly to the tunneling of electrons from minority-spin states, while the plateau above E F is mainly related to the presence of majority-spin empty states. that display, below E F , spin-minority flat bands in the same BE interval of the two features observed with STS, together with a smaller spin-majority contribution, and spin-majority bands just above E F . A smaller contribution to the peak at −0.75 eV is found also from minority d x 2 -y 2 states [ Fig. 5(a) ]. Minority states having d xy [ Fig. 5(b) ] and d xz+yz character [ Fig. 5(c) ] are found to contribute to the plateau above E F by producing a peak at about 0.6 eV.
IV. CONCLUSIONS
We have investigated the influence of an ordered lattice of Cr vacancies on the electronic structure of an ultrathin Cr oxide layer prepared by depositing 0.8 ML of Cr on a Fe(001)-p(1×1)O substrate, resulting in the formation of a Cr-( √ 5× √ 5)O superstructure. We observe, both in the measurements and in the simulations, a prominent feature at a BE of about −5 eV characterized by a negligible energy dispersion along the X direction of the Fe SBZ, whose origin is tracked down to the O 2p states. Given that this dispersionless behavior is not experimentally observed on the bare (i.e., with no Cr atoms) O-terminated substrate and it is not reproduced by our simulations for the Cr-p(1×1)O surface, we conclude it is the fingerprint of the formation of Cr vacancies. In good agreement with our angle-and spin-resolved photoemission characterization, where a minority feature is clearly detected at a BE of −1.6 eV, the calculated Cr 3d band structure is dominated by minority states. Major changes are predicted for in-plane Cr 3d states, whose energy dispersion is significantly altered by the introduction of a Cr vacancy lattice.
Our results are also compared with existing literature investigations related to the early stages of the Cr(001) surface oxidation, where a similar superstructure, showing a much worse degree of crystallographic order, has been detected for O coverages close to 1 ML. A good correspondence is found, especially regarding the energy dispersion of O 2p states, suggesting that even for bulk Cr, the presence of vacancies should be taken into account in order to reach an accurate description of the surface electronic properties. Finally, we have performed a characterization of the states near the Fermi energy by means of STS spectroscopy. The comparison with the simulated spectrum allows a complete characterization of the features observed in the experiment.
